Abstract Fusarium head blight, caused predominately by Fusarium graminearum, is one of the most destructive diseases of wheat (Triticum aestivum L.) worldwide. To characterize the profile of proteins secreted by F. graminearum, the extracellular proteins were collectively obtained from F. graminearum culture supernatants and evaluated using one-dimensional SDS-PAGE and liquid chromatography-tandem mass spectrometry. A total of 87 proteins have been identified, of which 63 were predicted as secretory proteins including those with known functions. Meanwhile, 20 proteins that are not homologous to genomic sequences with known functions have also been detected. Some of the identified proteins are possible virulence factors and may play extracellular roles during F. graminearum infection. This study provides a valuable dataset of F. graminearum extracellular proteins, and a better understanding of the virulence mechanisms of the pathogen.
Introduction
Fusarium head blight (FHB) caused by Fusarium graminearum is a serious and devastating spike disease in wheat (Triticum aestivum L.) [1] . This disease has become a serious threat to the production and quality of wheat and a major concern in many parts of the world [2] . Although some progress related to pathogen identification and epidemiology has been made, the precise mechanism of pathogenesis is not well understood. To establish an infection in a host plant, F. graminearum must either evade or suppress plant defense responses, and acquire nutrients in a compartment by redirecting the metabolism of the host to the site of infection. It has been reported that the fungal invasion of healthy plant cells and organ tissues is facilitated through fungal secretion, including peptides, proteins and fungal lytic enzymes, resulting in changes in normal host cell wall structures and cellular functions, and ultimately disabling normal plant defense systems [3] . Recently, based on F. graminearum genomic information and bioinformatics, more than 600 extracellular proteins have been postulated [4] . Yet, such computerized assumption can only provide a potential protein profile, and does not represent the reality as many postulated genes do not have transcriptional or translational functions [5] [6] [7] . Proteomic analysis, however, has been proven to be the most powerful method for the identification of proteins in complex mixtures and is suitable for studying the modification of protein expression in an organism due to genetic and/or environmental variations [2] . The exoproteome of the fungus F. graminearum grown on different media were investigated [7] [8] [9] , and more than three hundreds proteins secreted were identified. Comparing these studies, it can be drawn that the actual compositions of the secretome of F. graminearum grown on different media were different, and no experiment is saturating in regard to defining all the proteins secreted by the fungus at any given time or under certain condition. Therefore, extensive knowledge of this very diverse F. graminearum exoproteome is important to understanding the interactions between the fungus and wheat.
In this study, the characterization of the expressed secretome of F. graminearum grown on the medium different with previous reports was reported to provide more information about the secretome of F. graminearum. We believe that our data will provide a better understanding of the functional mechanisms of F. graminearum during the infection processes and help detect new putative virulence factors.
Materials and Methods

Fungal Strain, Media and Culture Condition
Fusarium graminearum Schw (Gibberella zeae) was kindly donated by Dr. Wang of Nanjing Agricultural University. The fungus was inoculated and grown on minimal medium [10] . Cultures were constantly shaken (200 rpm) during their incubation period at 26°C until the exponential growth phase was reached.
Protein Preparation and SDS-PAGE
The suspension of F. graminearum at its logarithmic growth phase was collected and the supernatants were obtained by centrifugation at 3,0009g for 15 min at 4°C and filtration through an U 0.20 lm cellulose acetate membrane (GE Healthcare, USA) filter and used to extract secreted proteins as described [11] . The electrophoresis was run on the Ettan DALTII unit (GE Healthcare, Uppsala, Sweden) and the gels were visualized by Coomassie staining.
LC-MS/MS Shotgun Analysis of Secreted Proteins
Based on Coomassie staining visualization, the whole gel lanes of F. graminearum secreted protein were cut into ten pieces and subjected to in-gel tryptic digestion as described by Shevchenko [12] . The generated tryptic peptides were separated on an Agilent Zorbax SB-C18 column (0.075 lm 9 100 mm) using a Proxeon easy-nLC system (Odense, Denmark) at 300 nL min -1 . Mobile phase A (0.1 % formic acid in water) and the mobile phase B (0.1 % formic acid, 98 % acetonitrile in water) were selected. The tryptic peptide mixtures were eluted using a gradient of 5 % B for 10 min, 5-45 % B 70 min, 45-80 % B 5 min and maintained at 80 % B 15 min, 80-5 % B 5 min, respectively, and finally were maintained at 5 % B for 15 min. Flow from the column was directed to a Bruker MicrOTOF-Q (Q-TOF) mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany) operating in positive ion.
Protein Identification
A forward protein database was extracted from UniProKB (http://www.uniprot.org/) using keyword ''Fusarium''. For each reported protein sequence in the forward Fusarium protein database, a reversed protein sequence was generated using in-house developed software. All reversed protein sequences were then attached to the end of the forward Fusarium protein database to construct an integrated Fusarium protein database, which was then used for protein identification. Proteins were identified as described [11] . For functional attributions of the identified proteins, the proteins were subjected to BlastP (http://www.ncbi.nlm. nih.gov/BLAST/) analysis. The nearest homologues suggested possible functions. If no functions were assigned to the nearest homologues, their homologues were analyzed by BlastP and their functions predicted by the FunCat program (http://mips.gsf.de/projects/funcat).
Bioinformatic Analysis of the Identified Proteins
To confirm that identified proteins were secretory proteins, all proteins identified were further analyzed using SignalP 2.0, SecretomeP 2.0 and TMHMM to predict the possibility of protein secretion through classical secretion pathways or nonclassical secretion pathways and the presence or absence of transmembrane domains in the protein sequence. The classical secretory proteins were predicted as described [13] . Non-classical secretory proteins were predicted by SecretomeP (http://www.cbs.dtu.dk/services/SignalP/). All proteins with N-terminal secretion signals were also identified by the prediction programs TargetP v1.1 (http://www. cbs.dtu.dk/services/TargetP/).
Results
Identification and Characterization of the F. graminearum Extracellular Proteins
The collected proteins present in the supernatants were separated by SDS-PAGE and the profile of extracellular proteins is shown in Fig. 1 . The protein bands were cut into ten pieces ( Fig. 1 ) and used for subsequent mass spectrometric analysis, and a total of 87 proteins have been identified. Of the proteins identified, 63 were predicted as secretory proteins (Table 1) , of which 58 appeared to be classical secretory proteins. Besides the 58 classical secretory proteins, five proteins were predicted by SecretomeP and identified as non-classical secretory proteins. All the proteins with N-terminal secretion signals were also identified based on the TargetP v1.1 prediction programs and were proved to be extracellular proteins. Most of the 63 secretory proteins have relatively low molecular weights ranging from 10 to 70 kDa, and fortythree proteins showed pIs of 4-7 (Fig. 2) . According to their functions, these secretory proteins can be classified into eight categories. The most abundant category was unknown proteins (31 %), which were predicted from nucleic acid Mr and pI the theoretical Mr and pI, C sequence coverage * The proteins have not been found in early reports [6, 7] sequences only and either had no homologues in the protein sequence databases, or was homologous to genomic sequences of unknown functions [14] . Other proteins have known functions or sequence similar to those with known functions, including those that are involved in protein hydrolysis (17 %) and carbohydrate hydrolysis (16 %).
Other functional classes are related to lipase hydrolysis, lignin degradation, chitosan degradation, toxin synthesis, and secondary metabolism, respectively ( Fig. 3 ; Table 1 ).
Discussion
Exoproteome of F. graminearum
The sequencing and reannotation of the genome of F. graminearum makes it particularly well suited for proteomics studies. In this study, we investigated the exoproteome of F. graminearum grown on minimal medium lacking organic nitrogen, and a total of 63 secreted proteins were identified. Among the proteins identified, 27 proteins were not by the earlier study ( Table 1) . The difference in the results might be because of differences in the media used, and the actual composition of the secretome might be depending on growth conditions. Therefore, no experiment is saturating in regard to defining the entire secretome. Because many secreted proteins are virulence or virulence effectors and constitute the first contact between a pathogen and its host [8] , all the secreted proteins identified in our study and earlier reports are promising candidates to have a role in pathogenesis, and might provide new insights into Fusarium/plants interactions [7, 8] .
Virulence Factors of F. graminearum
To invade a host plant for its nutrition requirement, F. graminearum needs to secrete a number of enzymes in several families to degrade the plant cells [15] . During the infection process, host-cell proteins and lignin are degraded and used to satisfy the fungal basic metabolic requirements [16] . In this study, a number of proteins (No. 12-21) involved in xylan, cellulose, and hemicellulose hydrolysis process were identified. This indicates that these proteins may be associated with the degradation of host-cell proteins and lignin during the fungal infection process. In addition to the enzymes involved in cell-wall degradation, 11 proteins (No. 1-11) homologous to extracellular protease, including exopeptidase, peptidase, carboxypeptidase, aminopeptidase and other proteases were detected. These proteins might be required for hydrolyzing other host cell components. Some proteins (No. 26-29) with lignin-related degradation activities were also identified. These proteins might be involved in the degradation of lignin resulting in a more flexible damaged cell wall that is more easily penetrated by the fungal hyphae. A few other proteins that are homologous to lipases, including phospholipase and triglyceride lipase (No. 22-25) were also detected. These proteins may play roles in degrading plant lipids, cell membrane and intracellular components, and ultimately assisting in degradation of the host cells. Therefore, the described proteins likely provide nutrients that F. graminearum need for surviving on wheat or suppressing the wheat to combat the fungal pathogen and are possible virulence factors. Phytopathogenic fungi produce several extra-cellular proteins, which may induce plant cell necrosis. In many cases, these proteins have phytotoxic activity and act directly against the hosts either by suppressing the plant defensive systems, or by modifying the structure of the plant cellular membrane. One of these proteins is ceratoplatanin, which elicits defense-related responses such as phytoalexin synthesis and cell death in both host and nonhost plants, and is involved in the development of the plant disease [17] . In this study, two proteins (No. 30 and 31) that are homologous to cerato-platanin had been detected. These two proteins might be involved in various stages of the host-fungus interaction and act as phytotoxins, and thus could be the causal agent of FHB in wheat. One protein (No. 32) homologous to the GT1 glycosyltransferase family was detected. It was reported that GT1 glycosyltransferase family proteins play a role in the biosynthesis of amylovoran, which acts as a virulence factor of the bacterial plant pathogen, Erwinia amylovora, responsible for the devastating disease known as fire blight in some Rosaceous plants [18] . The FHB was somewhat like the fire blight in the symptom of fire blight wilting, suggesting that this protein is very likely associated with the FHB disease development in wheat. Interestingly, the three proteins identified (No. 33-35) highly homologous to the mycotoxin metabolism-related proteins and two hypothetical proteins, FG06779.1 (No. 34) and FG06497.1 (No. 35) associated with sporulation and response to toxin-detoxification, were found in this study. It has been reported that some mycotoxins, exert phytotoxic effects and act as virulence factors, leading to the pathogenicity of F. graminearum [19] . Although further investigations on the roles of these proteins in mycotoxin biosynthesis are needed, it is speculated that these proteins may play important roles in the synthesis of mycotoxin and act as potential virulence factors.
We identified 20 proteins with unknown function and were unable to discern their roles in pathogenicity (No. 44-63, Table 1 ). These proteins are of interest as they might be candidates with some new biological functions, such as gene disruption and be responsible for virulence. Further studies on the roles of these proteins during the FHB pathogenicity using bioinformatics tools, gene expression and antibodies specific to these proteins would likely yield new scientific insights into the pathogenicity of this important plant pathogen. Fig. 3 The functional category distribution of the 63 identified proteins
